T ransforming growth factor-␤ is a pleiotropic cytokine that regulates numerous physiological process, including cell proliferation, differentiation, apoptosis, early embryonic development, and extracellular matrix protein synthesis (1) (2) (3) (4) . Upon apoptotic cell recognition and removal, the phagocytes produce active TGF-␤, which plays a pivotal role in the resolution of inflammation (5) (6) (7) (8) . However, in pulmonary fibrotic diseases, TGF-␤ causes the accumulation of extracellular matrix and induces transdifferentiation of fibroblasts to myofibroblasts (9, 10) .
TGF-␤ initiates signaling by inducing the association of type I and type II transmembrane serine/threonine kinase receptors. Upon ligand binding, the type II receptor transphosphorylates type I receptor kinase domain, which then propagates the signal through phosphorylation of Smad proteins (2, 11, 12) . TGF-␤ also activates MAPK pathways that participate in both the Smad-dependent as well as Smad-independent transcriptional responses to TGF-␤ (4, 13, 14) . Previously, we have demonstrated that TGF-␤ inhibits proinflammatory cytokine production through cross talk between MAPKs, specifically, ERK-dependent inhibition of p38 MAPK caused by up-regulation of MAPK phosphatase 1 (MKP-1) 3 (15) . These anti-inflammatory effects appeared independent of the Smad signaling pathway.
Despite the observations that TGF-␤ produced in response to apoptotic cells can lead to resolution of inflammation, these antiinflammatory effects appear to be overwhelmed in severe inflammatory circumstances, such as acute lung injury (ALI) and its most severe form, acute respiratory distress syndrome (ARDS) (16) . In contrast, the elevated TGF-␤ levels formed within 24 h of the diagnosis of ARDS were nevertheless implicated in the early increase in collagen turnover and the enhancement of epithelial permeability in humans (17) (18) (19) (20) . Enhancement of pulmonary edema was demonstrated in a murine model of ALI as well (19) . In seeking an explanation for the apparent selective ineffectiveness of TGF-␤ as an anti-inflammatory cytokine in these circumstances, we questioned whether the presence of oxidants might alter TGF-␤ signaling. There is an extensive body of experimental evidence supporting the role of oxidants and oxidative injury in the pathogenesis of ALI/ARDS (21) (22) (23) (24) . One of the downstream effects of oxidative stress is the activation of transcription factor NF-B, potent inducer of proinflammatory mediators. Expression of proinflammatory cytokines is rapidly increased in experimental models of ARDS, in patients at risk for ARDS, and in patients with established ARDS (21) . In the present study, we determined whether inclusion of oxidant stress reversed the normally antiinflammatory effects of TGF-␤ signaling in macrophages.
Materials and Methods

Abs and reagents
TGF-␤1 was from R&D Systems. LPS (Escherichia coli 0111:B4) was from List Biological Laboratories. Hydrogen peroxide and catalase were from Sigma-Aldrich. SB 203580, okadaic acid, PP2, and Protease Inhibitor Cocktail Set I were from Calbiochem. Lipofectamine Plus reagent was from Invitrogen Life Technologies. Anti-p38 MAPK phosphospecific Ab was from Calbiochem. Phospho-ERK (E-4), ERK-2 (K 23), phospho-MEK-1, p38 (c-20), and MKP-1 (v-15) Abs were from Santa Cruz Biotechnology. Phospho-Smad-2 and ␤-actin Abs were from Cell Signaling Technology. Unless otherwise specified in the text, all reagents have been tested as inhibitor-alone controls in the experiments without showing any effects.
Cell culture, stimulation, and measurement of proinflammatory mediators by ELISA FIGURE 1. TGF-␤-mediated inhibition of LPS-induced MIP-2, IL-8, IL-1␤, IL-6, and NO production and NF-B activation are reversed by hydrogen peroxide. RAW 264.7 cells (A) or mouse or human alveolar macrophages (B) were initially cultured in the presence or absence of catalase (500 U), hydrogen peroxide (100 M), and TGF-␤ (10 ng/ml) for 1 h and subsequently cultured in the presence or absence of LPS (100 ng/ml) for 18 h. Culture supernatants were analyzed for MIP-2, IL-8, IL-1␤, IL-6 by ELISA, and NO as described in Materials and Methods. #, Significantly different from LPS (p Ͻ 0.05). ‫,ء‬ Significantly different from TGF-␤ plus LPS (p Ͻ 0.05). †, Significantly different from H 2 O 2 , TGF-␤ plus LPS. C, RAW 264.7 cells were transiently cotransfected with pNF-B-luc and pSV-␤ galactosidase constructs. After 48 h, the cells were incubated in the presence or absence of catalase (500 U), hydrogen peroxide (100 M), and TGF-␤ (10 ng/ml) for 1 h, followed by incubation with LPS (100 ng/ml) for 18 h. The luciferase assays, which were normalized to ␤-galactosidase, are expressed as relative luciferase units. #, Significantly different from LPS (p Ͻ 0.05). ‫,ء‬ Significantly different from TGF-␤ plus LPS (p Ͻ 0.05). †, Significantly different from H 2 O 2 , TGF-␤ plus LPS.
were cultured in DMEM supplemented with 10% heat-inactivated endotoxin-free FBS, 2 mM L-glutamine, 100 g/ml streptomycin, and 100 U/ml penicillin under a humidified 5% CO 2 atmosphere at 37°C. The cells (0.5 ϫ 10 6 cells/well) were plated in each well of a 24-well tissue culture plate and incubated overnight.
Female ICR mice, 10 wk of age, were obtained from Taconic Farms. LPS was used to elicit alveolar macrophages. Briefly, mice were anesthetized with Avertin (Sigma-Aldrich) and then treated with 200 mg of LPS instilled directly into the trachea using a modified feeding needle (Popper and Sons). Twelve days later, the mice were euthanized with i.p. pentobarbital (Abbott Laboratories), and whole-lung lavage was performed using ice-cold PBS with 1 mM EDTA (Sigma-Aldrich). Approximately 1 ϫ 10 6 alveolar macrophages were obtained from each mouse. Samples were pooled, washed twice in ice-cold PBS, and then used in in vitro studies. Mice were housed and studied under Institutional Animal Care and Use Committee-approved protocols in the animal facility of the National Jewish Medical and Research Center. All of the human studies were reviewed and approved by the institutional review committee at the National Jewish Medical and Research Center.
Cells were washed twice in serum-free DMEM and were either left unstimulated or treated for 18 h with various agents. The supernatants were collected and measured for MIP-2, IL-6, and IL-1␤ by ELISA according to the manufacturer's instructions (ELISA Tech).
NO production assay
NO levels produced by RAW 264.7 cells were measured by reducing the nitrate accumulated over 18 h to nitrite with nitrate reductase (23) and measuring the nitrite concentration by the method of Green et al. (24) . The nitrite concentrations were quantified by using a double three-point standard curve of NaNO 2 concentrations (in a linear range between 1 and 80 M).
Transient cell transfection and reporter gene assays
pNF-B-Luc (B4, 6ϫ; Clontech Laboratories) and pSBE-Luc (kindly provided by Dr. W. P. Schiemann) luciferase reporter gene constructs were transfected into RAW 264.7 cells by using Lipofectamine Plus reagent according to the manufacturer's instructions. pSV-␤-galactosidase vector (Promega) was cotransfected as internal control to measure differences in transfection efficiency. Luciferase and ␤-galactosidase activities were measured 18 h after LPS stimulation using the Luciferase Assay System (Promega) and Galacto-Light (Tropix), respectively.
Immunoblotting analysis
Immunoblotting analysis was conducted as described previously with some modification (25) . Briefly, cells (3.0 ϫ 10 5 cells/well) were plated in each well of a 12-well tissue culture plate and incubated overnight. The cells were washed twice in serum-free DMEM and were serum-starved for 2 h before stimulation. Afterward, the cells were lysed in lysis buffer (20 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM DTT, 0.5% Triton X-100, and 1ϫ Protease Inhibitor Cocktail Set I), resolved on 10% SDS-PAGE, and blotted to nitrocellulose membranes. The membranes were probed with primary Abs at 4°C overnight and incubated with either HRP-conjugated anti-rabbit or anti-mouse secondary Abs for 1 h at room temperature. Proteins were visualized by ECL (Amersham Biosciences) according to the manufacturer's instructions.
Equal loading of proteins in each lane was confirmed either by Ponceau S staining or reprobed with corresponding Abs against the native proteins (15) or ␤-actin. The results shown are representative of at least three separate experiments.
Statistical analysis
All data are presented as means Ϯ SEM from three or more separate experiments. The means were analyzed using ANOVA for multiple comparisons. When ANOVA indicated significance, the Tukey-Kramer honestly significant difference test for all pairs was used to compare groups. All data were analyzed using JMP statistical software (version 3; SAS Institute) for the Macintosh computer.
Results
Hydrogen peroxide overrides the inhibitory effects of TGF-␤ on LPS-induced inflammatory mediator production and NF-Bdriven reporter gene transcription
To examine whether oxidative stress alters the inhibition by TGF-␤ of proinflammatory mediator production, RAW 264.7 cells, mouse or human alveolar macrophages (only human IL-8 and IL-6 were measured because of the limited normal volunteers) were pretreated with 100 M hydrogen peroxide, followed by stimulation with LPS (100 ng/ml), TGF-␤ (10 ng/ml), or the combination of TGF-␤ and LPS. As shown in Figs. 1, A and B, and 5D, at this concentration, hydrogen peroxide alone had little effect on MIP-2, IL-8, IL-6, IL-1␤, NO production, or inducible NO synthase (iNOS) synthesis but reversed the TGF-␤ inhibition of LPSinduced generation of these mediators ( p Ͻ 0.05), and this was recovered by the removal of the H 2 O 2 with catalase ( p Ͻ 0.05) (Fig. 1B) . Because the proinflammatory mediators are driven by NF-B, we next tested whether hydrogen peroxide reversed TGF-␤ suppression of NF-B reporter gene transcription. As shown in Fig. 1C , hydrogen peroxide alone slightly increased NF-B activation and additively increased LPS-induced NF-B activation. Importantly, hydrogen peroxide markedly reversed the TGF-␤ suppression of NF-B activation ( p Ͻ 0.05), and this was recovered by catalase ( p Ͻ 0.05) (26) . Collectively, these findings suggest that oxidative stress inhibits TGF-␤ suppression of proinflammatory mediator production at the level of NF-B. By contrast, hydrogen peroxide had no effect on the production of an AP-1-dependent chemokine, MCP-1, or on TGF-␤-increased AP-1 reporter gene transcription ( p, NS) (Fig. 2) . FIGURE 2. TGF-␤-mediated increase of LPS-induced MCP-1 production and AP-1 activation are not affected by hydrogen peroxide in RAW 264.7 cells. A, RAW 264.7 cells were initially cultured in the presence or absence of hydrogen peroxide (100 M) and TGF-␤ (10 ng/ml) for 1 h and subsequently cultured in the presence or absence of LPS (100 ng/ml) for 18 h. Culture supernatants were analyzed for MCP-1 by ELISA. B, RAW 264.7 cells were transiently cotransfected with AP-1-luc and pSV-␤ galactosidase constructs. After 48 h, the cells were incubated in the presence or absence of hydrogen peroxide (100 M) and TGF-␤ (10 ng/ml) for 1 h, followed by incubation with LPS (100 ng/ml) for 18 h. The luciferase assays, which were normalized to ␤-galactosidase, are expressed as relative luciferase units.
Hydrogen peroxide-induced p38 MAPK phosphorylation suppresses TGF-␤-mediated ERK phosphorylation
We have reported previously that, when bioactive TGF-␤ is added to macrophages, ERK is activated, reaching a maximum at 60 min and resulting in up-regulation of the MKP-1 phosphatase. This ultimately results in the deactivation of p38 MAPK and decreased NF-B transactivation (15) . In this study, we show that hydrogen peroxide itself led to p38 MAPK phosphorylation, which reached a maximum at 15 min. Meanwhile, basal ERK phosphorylation was not affected (Fig. 3A) . Based on the time course of TGF-␤-stimulated ERK (15) and hydrogen peroxide-stimulated p38 MAPK, we used the time point of maximum stimulation by TGF-␤ and hydrogen peroxide in the following studies. As expected, hydrogen peroxide-induced p38 MAPK phosphorylation was inhibited by catalase (500 U) (Fig. 3B) . Importantly, pretreatment of RAW 264.7 cells with hydrogen peroxide inhibited TGF-␤-induced ERK phosphorylation (Fig. 3C) . This inhibition was reversed by catalase and by the p38 MAPK inhibitor, SB 203580 (10 M) (27) , indicating that hydrogen peroxide inhibits TGF-␤-induced ERK phosphorylation through p38 MAPK. Notably, catalase and SB 203580 alone slightly increased baseline ERK phosphorylation (Fig. 3C) (Fig. 3D) . Collectively, these findings suggested that hydrogen peroxide increases p38 MAPK phosphorylation and activation of NF-B. Meanwhile, hydrogen peroxide-induced p38 MAPK phosphorylation suppresses TGF-␤-induced ERK phosphorylation and therefore overrides TGF-␤ inhibition of NF-B.
Hydrogen peroxide blocks LPS-and TGF-␤-induced upregulation of MKP-1
As shown in Fig. 4 , LPS induced a small increase in MKP-1 expression that was substantially enhanced with the addition of TGF-␤. Hydrogen peroxide blocked both of these effects. As reported previously (15) , MKP-1 increases in these systems are dependent on ERK activation, and, in keeping with this, ERK phosphorylation and MPK-1 expression were decreased in the presence of hydrogen peroxide and restored in the presence of SB 203580. A reciprocal effect was seen for p38 MAPK activation. The experiment suggests that oxidants activate p38 MAPK, which inhibits ERK and thereby reduces MKP-1 expression. Noticeably, there is a difference in the amount of phospho-ERK-42 and -44 between RAW 264.7 macrophages and mouse alveolar macrophages, although the same trend was shown under the same experimental conditions. We assume that is due to the difference in the abundance of ERK subtypes in these two cells.
Inhibition of LPS-and TGF-␤-induced MKP-1 expression and iNOS synthesis by hydrogen peroxide was reversed by okadaic acid and PP2
Our previous studies indicated that, after LPS stimulation, p38 MAPK maintained suppression of ERK activation (15) . Further investigation in this study showed that the suppression was upstream of MEK-1 and reversed by the p38 inhibitor SB 203580 and the protein phosphatase-1/2A inhibitor okadaic acid (28) (Fig. 5A) . It has been shown that hydrogen peroxide increases p38 MAPK activation through Src-family tyrosine kinases (29 -31) . Consistent with this, the Src-family tyrosine kinase inhibitor PP2 (32) reversed the hydrogen peroxide suppression of ERK (Fig. 5B) . To determine whether hydrogen peroxide overrides the inhibitory effect of TGF-␤ through the signal pathway outlined above, RAW 264.7 cells were pretreated with okadaic acid or PP2 before incubation with hydrogen peroxide, TGF-␤, and LPS. As shown in Fig.  5C , hydrogen peroxide-mediated inhibition of LPS-or TGF-␤ plus LPS-induced MKP-1 expression was completely reversed by okadaic acid and PP2, respectively. Consistent with this result, hydrogen peroxide reversal of TGF-␤ inhibition of LPS-induced generation of iNOS was restored by okadaic acid, PP2, and SB 203580 (Fig. 5D) .
Hydrogen peroxide abrogates the inhibitory effect of TGF-␤ independent of Smad signaling
TGF-␤ appears to activate ERK through Ras/MEK-1/ERK pathways (12, 33) . The other well-defined signaling pathway of TGF-␤ is through the phosphorylation of a Smad complex and its translocation into the nucleus. To examine whether oxidative stress could affect the Smad signaling pathway, RAW 264.7 cells or mouse alveolar macrophages were stimulated with hydrogen peroxide, TGF-␤, and the combination of hydrogen peroxide and TGF-␤ followed by blotting with phospho-Smad-2. As shown in Fig. 6A , hydrogen peroxide did not affect TGF-␤-induced Smad-2 phosphorylation in both RAW 264.7 and mouse alveolar macrophages. Furthermore, RAW 264.7 cells transfected with a SBE-luc reporter gene construct showed no effect of hydrogen peroxide on the SBE-luc reporter gene transcription ( p, NS) (Fig. 6B) . These findings suggest that oxidants override the TGF-␤-mediated inhibitory effect on proinflammatory mediator production independent of Smad signaling.
Dysregulation of proinflammatory mediator production by hydrogen peroxide is stimulus and cell type independent
The fibroblast cell line 3T3-L1 was preincubated with hydrogen peroxide and TGF-␤ for 1 h, followed by stimulation with TNF-␣ for 18 h. As shown in Fig. 7, A and B, 100 M hydrogen peroxide alone had little effect on IL-6 production and iNOS induction, but the TGF-␤ inhibition of TNF-␣-induced generation of IL-6 and iNOS were totally reversed. Consistent with these results, TNF-␣-induced p38 MAPK phosphorylation was inhibited by TGF-␤. However, the combination of hydrogen peroxide and TNF-␣ prevented the inhibition. Moreover, hydrogen peroxide blocked TNF-␣-or TGF-␤-plus-TNF-␣-mediated MKP-1 up-regulation (Fig. 7C) . The same results were obtained in RAW 264.7 cells stimulated with TNF-␣ as well (data not shown).
Discussion
TGF-␤ production in the inflamed lung has been suggested to suppress the production of proinflammatory mediators and promote the resolution of the inflammation (8) . This effect of activated TGF-␤ would be expected from both soluble and tissue-bond material. However, the inhibitory effect of TGF-␤ appears to be blocked in ARDS (21) (22) (23) (24) . In the present study, we provide evidence that hydrogen peroxide prevented TGF-␤-mediated inhibition of proinflammatory mediator production and NF-B activation. It is suggested that blockade of these effects by oxidants may explain the presence of both TGF-␤ and production of proinflammatory mediators early in acute inflammatory reactions (i.e., leading to reversal of TGF-␤ anti-inflammatory effects). Meanwhile, the effects of TGF-␤ that are driven by Smad pathway appear unaffected by the oxidants and could proceed throughout the inflammatory reaction. Later, as the oxidative environment decreases, TGF-␤'s anti-inflammatory effects could recover, leading eventually to resolution of the inflammation.
ARDS is a syndrome resulting from uncontrolled acute inflammatory response in the lung and remains a major cause of morbidity and mortality (20) . Although the anti-inflammatory cytokine TGF-␤ was found dramatically increased within 24 h of ALI, overproduced oxidants may prevent its normal inhibitory effect, permitting oxidative cell damage and inflammatory cytokine production. The suggested selectivity of this effect would not affect TGF-␤ Smad pathway-dependent processes, e.g., collagen turnover and fibroliferation (19) .
In the present study, TGF-␤ blocked LPS-induced increases in MIP-2, IL-8, IL-1␤, IL-6, NO production, iNOS synthesis, and NF-B activation. Hydrogen peroxide also induced some proinflammatory mediator production. However, TGF-␤ failed to suppress LPS-induced inflammatory mediators and NF-B activation in the presence of hydrogen peroxide (Fig. 1) . Our previous studies have suggested that the suppression by TGF-␤ occurs at the level of MAPKs by ERK-dependent inhibition of p38 MAPK (15) . Therefore, the effect of oxidative stress on the balance between ERK and p38 MAPK activation was a major focus of this study. Hydrogen peroxide alone activated p38 MAPK without affecting the basal level of ERK activation. Importantly, the catalase as well as the p38 MAPK-specific inhibitor SB 203580, which was shown to inhibit hydrogen peroxide-induced p38 MAPK activation, also reversed hydrogen peroxide-mediated inhibition of TGF-␤-induced ERK activation, implying that TGF-␤ inhibition of p38 MAPK through ERK was no longer functional in the presence of hydrogen peroxide. This was further confirmed by the results from p38 MAPK phosphorylation and MKP-1 expression (Fig. 4) ; namely, oxidative stress overrode TGF-␤ signaling through p38-mediated ERK and MKP-1 inhibition. These results further support the concept that considerable cross talk occurs between the different MAPKs. In these studies, hydrogen peroxide was added to the cells before or simultaneously with TGF-␤. This experimental design presumptively mimicked the situation in vivo during oxidant-mediated injury. By contrast, preincubation with TGF-␤ before hydrogen peroxide addition prevented the p38 MAPK activation (data not shown). Presumably, this resulted from prior up-regulation of MKP-1. Therefore, it seems likely that potential effects also are temporally regulated. Notably, LPS and TGF-␤ have been reported to induce reactive oxygen species (ROS) (34 -39) . We suggest that the signaling events observed for LPS and TGF-␤ already integrated the ones from ROS; therefore, the effects of ROS induced by themselves are masked in both proinflammatory and anti-inflammatory conditions. When another source of oxidant exists, the proinflammatory or anti-inflammatory balance is dysregulated.
It has been reported that c-Src can be directly activated by hydrogen peroxide treatment and can contribute to NF-B activation (40) . Thus, inhibition of hydrogen peroxide-induced p38 MAPK by the Src family inhibitor PP2 supports a role for Src family tyrosine kinases acting as upstream effectors to mediate hydrogen peroxide signaling in our system. It was reported that oxidants might prime macrophages for altered responsiveness to LPS through PI3K-mediated NF-B nuclear translocation (32) . However, TGF-␤ caused inhibition of NF-B transactivation mainly through p38 MAPK and the basal transcriptional factor TATAbinding protein (15, 41) . Therefore, it seems unlikely that hydrogen peroxide overrode TGF-␤'s anti-inflammatory effect through PI3K. Members of a family of dual-specificity phosphatases principally inhibit MAPK's activity. This ERK-mediated up-regulation of MKP-1 appeared to be involved in deactivation of p38 MAPK (15) . By contrast, in our previous study (28) and this study, we provided evidence that the protein phosphatases contribute to inhibition of ERK by hydrogen peroxide-induced p38 MAPK activation, further confirming that phosphatases play key roles in In the present study, it is suggested that hydrogen peroxide blocks the TGF-␤-induced Ras/MEK-1/ERK pathway. However, the TGF-␤-induced Smad-2 phosphorylation, as well as activity of the SBE-luc reporter gene, was shown to be independent of hydrogen peroxide treatment (Fig. 5) . Therefore, it seems that oxidative stress selectively suppressed the non-Smad signaling of TGF-␤ in this system. The canonical proinflammatory pathways initiate NF-B activation via serine phosphorylation of IB by the IB kinase complex, which causes degradation of IB (42) . In contrast, oxidative stress can activate NF-B independent of IB kinase activation and IB degradation (40) ; instead, IB is phosphorylated on tyrosine. Although the mechanism is unknown at this moment, it has been suggested that tyrosine phosphorylation of IB is capable of activating NF-B in the absence of ubiquitindependent degradation of IB. Therefore, we do not exclude the possibility that hydrogen peroxide activates NF-B via this pathway as well.
In the present study, we demonstrate that oxidative stress overrides the TGF-␤-mediated inhibitory effect on proinflammatory mediator production independent of Smad signaling (Fig. 8) . It is noteworthy that the inhibitory effect of TGF-␤ and its antagonistic regulation by hydrogen peroxide appear to be cell-type and stimulus independent. More importantly, we suggest that the TGF-␤ signal pathways leading to the suppression of inflammation are separately regulated from those driven through Smad, such as collagen synthesis, fibrotic response, inhibition of cell proliferation, and differentiation (43) (44) (45) (46) (47) (48) (49) (50) (51) . Because of TGF-␤'s numerous homeostatic functions, blocking TGF-␤ signaling may have serious adverse consequences. Alternatively, specific inhibition of Smad signaling might prevent fibrotic responses while leaving the antiinflammatory effects of TGF-␤ unaltered. Moreover, recognition of oxidative stress-mediated signal pathways may open up a new field of cell regulation via specific and targeted control of its effects on inflammatory diseases. FIGURE 8. Schematic diagram of the mechanism by which oxidative stress overrides the inhibitory effect of TGF-␤ on NF-B activation. TGF-␤ inhibits LPS or TNF-␣-induced proinflammatory mediator production through suppression of p38 MAPK and NF-B. The preexisted oxidant prevents the inhibitory by TGF-␤ via activation of p38 MAPK and stimulation of protein phosphatase, which blocks ERK activity and MKP-1 expression and, therefore, further increases p38 MAPK and NF-B activation.
